Introduction {#S0001}
============

Since Nomura first published In-Ga-Zn-O (IGZO) thin-film transistors (TFTs) with a reliable electrical performance, amorphous nano oxide (AO) TFTs have attracted extensive attention all over the world for different applications including serving as photovoltaic devices with n-type layers, artificial intelligence (AI), neurocomputing and medical applications.[@CIT0001]--[@CIT0008] They have many optimal properties, such as low-temperature processing, high uniformity over large areas and high stress stability, which suggests wide applications in portable electronics and medical displays.

AO materials have stimulated wide attention among chemists, physicists, biologists and mechanical engineers. Such flexible and transparent nano materials with mobile charges can provide for a wide diverse number of medical applications including serving as micro/nano-systems for photovoltaic devices and nanomaterial-enabled wearable sensors or artificial synaptic devices for AI neurocomputers and medical mimicking research.[@CIT0001],[@CIT0005]--[@CIT0009]

However, most AO are n-type semiconductors. The difficulty in changing their properties limits AO device applications, such as logic gate digital circuits. There are only a few p-type AO with electrical properties comparable to n-type,[@CIT0001] such as Barros et al who prepared a p-type SnO with an oxygen flow of 12.5 sccm,[@CIT0010] and the p-type SnO was also obtained by using a fluorine plasma treatment,[@CIT0011] but p-type IGZO is very rare.

Here, we report an interesting result that the typical n-type AO IGZO, can be changed from an n-type to p-type semiconductor material in a simple way. In this way, the properties of AO TFTs can be better controlled and extended, which facilitates numerous additional medical applications.

Materials And Methods {#S0002}
=====================

As shown in [Figure 1A](#F0001){ref-type="fig"}, the schematic of the sample includes a typical bottom gate TFT structure. The Si substrate was used as the bottom gate. The nano SiO~2~ was 100 nm thick as the dielectric layer. The channel was 30 \~ 50 nm thick IGZO which was deposited by a magnetron radio-frequency (RF) sputtering method. We have two different processing conditions for the different samples and the specific parameters are shown in [Table 1](#T0001){ref-type="table"}. Afterwards, the metal electrode Ti/Au was deposited on both processes, using electron-beam evaporation methods. The thickness was on the order of 10 nm.Table 1Sample Preparation Process ParametersSamplePressure (Pa)Power (W)Ar (sccm)O~2~ (sccm)Annealing Temperature (°C)Annealing Time (h)No.10.91001403001No.20.91001433001 Figure 1(**A**) 2D schematic of the sample, with the channel as an In-Ga-Zn-O (IGZO) semiconductor. (**B**) SEM of the cross-section of IGZO transistors, with Si as the bottom gate, SiO~2~ as the dielectric layer, IGZO as the semiconductor channel layer, and Au/Ti as the top metal electrode layer.

SEM (Scanning Electron Microscope), drain current-voltage (I-V) measurements and capacitance-voltage (C-V) measurements were performed in order to investigate the physical and electrical properties of the IGZO TFTs. The SEM of the cross-section structure of the sample is shown in [Figure 1B](#F0001){ref-type="fig"}.

Results And Discussion {#S0003}
======================

As shown in the I-V and C-V measurements in [Figures 2](#F0002){ref-type="fig"} and [3](#F0003){ref-type="fig"}, the I-V and C-V measurements can indicate whether the semiconductor is n-type or p-type. As shown in the figure, sample No. 1 showed typical I-V and C-V curve characteristics of a n-type semiconductor, while sample No. 2 showed typical I-V and C-V curve characteristics of a p-type semiconductor after being placed for 12 hrs.Figure 2The I-V curve of the present n-type TFTs could be easily changed to that of p-type TFTs.Figure 3The C-V curve of the present n-type TFTs could be easily changed to that of p-type TFTs.

This phenomenon could be explained as follows: when oxygen is sputtered and deposited on the substrate, it is involved in the channel semiconductor, the oxygen vacancy, which would exist as singly ionized, V^+^, and doubly ionized states.[@CIT0002],[@CIT0003] Therefore, there would be more positive charge carriers existing in the semiconductor channel, similar to a p-type material.

This mechanism was further studied. The XPS curves of the samples were obtained in the same measurement conditions as follows. At first, the XPS (X-ray photoelectron spectroscopy) data was recorded in the spectrometer in room temperature under high vacuum conditions. Afterwards, the XPS spectra were calibrated relative to the reference energy value of the carbon 1 score level at 284.8 eV. Thirdly, through using Gaussian-Lorentzian (30% Lorentzian) line shapes, the XPS spectral peaks were fitted using Vision Processing 2.3.0 Beta Software. With the help of the Shirley method, the residual background was removed. The two peaks were assigned identical FWHM (full width at half maximum of the peak) values. The XPS spectra was fitted by assuming no chemical shift in the In-O bond during sample preparation. This is a typical assumption to fit the XPS spectra. According to the comparisons of the peak FWHM (full width at half maximum of the peak) and peak position to the standard handbook of XPS, different species could be defined.[@CIT0012] We identified that the different species maybe include In-O bonds.

In [Figure 4](#F0004){ref-type="fig"}, XPS characterization of our samples with the IGZO channel suggests In/O\>1:1, therefore, oxygen deficiency in the IGZO exists. The channel with additional metal ions is a p-channel, which is similar with previous publications.[@CIT0013],[@CIT0014] Therefore, we could obtain bipolar materials by adding process differences in material properties.Figure 4XPS of the present TFT channel, which shows different peak values at different binding energies.

As shown in [Figure 5](#F0005){ref-type="fig"}, when the device was under a frequency as small as 20 KHz, there is a significant increase in capacitance as V~GS~ increases, which is similar to the typical C-V curve of a p-type semiconductor. This might be attributed to some of the mobile photons which do not follow the higher frequency measurement. Therefore, the device could become both an n-type and a p-type semiconductor material. A similar phenomenon can be observed not only in nano oxide semiconductors but also in other semiconductor nano materials, such as Si.Figure 5The C-V curve of the present p-type IGZO TFTs.

Conclusion {#S0004}
==========

At present, there are very few p-type semiconductors available, mainly SnO~X~, NiO~X~, etc., but we propose here a very simple method to change a very typical n-type amorphous oxide, IGZO, into p-type. Therefore, we might have a device, such as temperature sensors in artificial skin, that uses pure amorphous nano oxide materials, or nano oxide materials like IGZO, which could have an optimal interface between layers due to minor lattice mismatch. In this way, the material properties and, thus, medical applications could be easily extended for additional nanosystems and AI effectively and significantly from the results of this study.
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